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Abstract: 
 
 Carbon dioxide (CO2) and methane (CH4) are two of the most abundant trace greenhouse 
gases in the atmosphere. Both gases have been steadily increasing as a result of anthropogenic 
activities such as the burning of fossil fuels (Mckain et al. 2014), and methane is particularly 
potent with a warming potential at least 34 times greater that of CO2 (Jackson et al. 2014). In this 
study, mobile surveys were performed to measure atmospheric CO2 and CH4 concentrations and 
the δ12C and δ13C isotopic compositions throughout the Piedmont of North Carolina to 
characterize the spatiotemporal variability of these two potent greenhouse gases. Four sites 
located over Mesozoic shale basins, which have potential to be hydraulically fractured to extract 
natural gas, were surveyed, with a fifth site used as a control. Combining the analyses with GPS 
data, surveys found that spatially, almost all sites varied significantly from one another in terms 
of CH4, CO2, δ13C-CH4, and δ13C-CO2. The majority of sites also were temporally different 
across survey dates for all four measurements, though less so for δ13C-CO2. Urban environments 
tended to exhibit greater concentrations of atmospheric CO2 (𝑥 = 405.726 ppm) than rural areas 
(𝑥 = 399.917 ppm), as well as less negative δ13C-CO2 values (𝑥 = -9.441%0 and 𝑥 = -9.786%0 
respectively.)   The importance of this study as a baseline prior to the introduction of hydraulic 
fracturing to North Carolina cannot be understated, as few other locations with natural gas 
potential have been left untouched. Perhaps this study, if it is continued, will be able to provide 
insight into how fracking affects air quality and greenhouse gas emissions should it be 
introduced to North Carolina. 
Introduction: 
 
 Carbon dioxide (CO2) and methane (CH4) are well known as the most abundant and 
potent of radiative gases in the Earth’s atmosphere. In particular, CO2 has received much 
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attention with regards to anthropogenic warming. It is the most abundant greenhouse gas by a 
few orders of magnitude, has a long residence time of 100 years, and has consistently been 
increasing since the Industrial Revolution (Jackson et al. 2014). However, CH4 is also a major 
concern for anthropogenic warming because methane has a global warming potential (GWP) 86 
times greater than that of CO2 on a 20 year scale and 34 times greater on a 100 year scale 
(Jackson et al. 2014). CH4 persists in the atmosphere for about 20 to 30 years (Jackson et al. 
2014). While it is significantly less abundant than CO2, CH4 concentrations have nearly tripled 
since the industrial revolution, and since 2008, strong CH4 growth has been observed (Farrell et 
al. 2013). Atmospheric CH4 concentration is determined by sources and sinks, which are 
governed by hydroxyl radical oxidation (OH). Models suggest that since 1980, OH oxidation has 
increased by 5%, decreasing CH4 lifetimes. Natural and anthropogenic sources release 
approximately 582 Tg/y of CH4, with natural fossil CH4 emissions estimated at 20% of the 
global budget (Farrell et al. 2013). 
Sources: 
 
 Globally, cities account for more than 70% of fossil-fuel CO2 emissions, which are 
considered the main driver of climate change (Gurney et al. 2015). These urban areas are also a 
strong contributor of CH4. Globally, CH4 has a variety of sources that fall into two broad 
categories: thermogenic and biogenic. Biogenic refers to CH4 created by biological processes 
such as decomposition under anaerobic conditions in wetlands. Thermogenic CH4 comes from 
coal gas and natural gas leaks. Anthropogenic sources tend to exhibit annual and cyclical trends 
(Leifer et al. 2013). 
 One important contributor of thermogenic CH4 is the oil and gas industry. In fact, 
according to the U.S. Environmental Protection Agency (EPA), leaks from oil and gas 
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production as well as pipeline transmission are the largest anthropogenic source of CH4 in the 
U.S. and second largest globally (Jackson et al. 2014). It is estimated that all fossil sources 
account for 30% of the total CH4 global budget (Leifer et al. 2013). However, CH4 emissions 
from the oil and gas industry are largely unknown, though there are several estimates. The EPA 
reported that approximately 2.4% of US total gas production is leaked or released. Yet Allen et 
al. (2013) found that only 0.42% of gross production was lost. Other studies suggest a much 
higher estimate:  6.2-11.7% (Karion et al. 2013). Distribution uncertainty resulted in an average 
leakage of 5.3% in the UK, but only 1.4% in Russia (Jackson et al. 2014). 
Leakage Studies: 
 Methane leakage is of great import as it is influencing short-term climate problems such 
as accelerated rates of warming, giving ecosystems and humans less time to adapt. Leakage can 
occur at any stage of fuel cycles:  production, transportation, and use. Therefore, it is important 
to account for the complete fuel cycle when estimating net climate implications. Several studies 
have sought to address the issue of leakage at different stages.   
 Leifer et al. (2013) explored upstream production. They found elevated CH4 that 
corresponded with locations used for the refining and production of oil and gas. One such 
location was Refinery Alley, TX, which also exhibited elevated CH4 mixing ratios as well as 
concentrations. Even greater mixing ratios were found at the Kern River Oil Field, CA. Yet the 
highest CH4 mixing ratios were observed in Florida, likely from a pipeline leak. Urban areas also 
experienced increased CH4 mixing ratios, arising from the large number of sources. When 
compared to satellite CH4 inventory, Leifer et al. (2013) found strong year-round regional CH4 
anomalies of up to 20 ppb. During the winter, CH4 from wetlands decreased, so CH4 emissions 
were dominated by fossil fuel industrial (FFI) sources. In fact, FFI CH4 anomaly signatures 
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generally overwhelmed all other sources on both large and small scales. At spatial scales of tens 
of meters and at sub-hourly temporal scales, measurements near refineries were often highly 
variable, challenging data interpretation. Additionally, Leifer et al. (2013) found flaring during 
oil production, which has been a largely steady source, contributes about 1.4 - 1.7 x 1011 m3/yr of 
CH4. 
 Top-down analyses study large-scale regional leakage rates over a complex area to get a 
sense of total emissions while bottom-up inventories study small-scale contributions often of 
individual components in more homogeneous settings (Caulton et al. 2013).  The results of 
Leifer et al. (2013) are consistent with others that the discrepancy between top-down and 
bottom-up (explain) inventories is likely due to an underestimation of FFI activity and 
unrealistically low leakage estimates of natural gas emissions. Natural gas has become an 
increasingly important energy source, yet the emissions from its production and distribution will 
likely lead to an overall increase in anthropogenic CH4 emissions, especially as sources of FFI 
CH4 are poorly quantified (Leifer et al. 2013). 
 Caulton et al. (2013) made use of an instrumented aircraft platform to study CH4 
emissions in the Marcellus shale formation of Pennsylvania. They found a large regional flux, 
but this did not differ significantly from a bottom-up inventory. However, wells in the drilling 
phase, where emissions were thought to be negligible, actually exhibited 2 to 3 orders of 
magnitude greater emissions than reported by the US EPA. 
 Fugitive CH4 emissions are present at many stages of a well’s life. During well 
completion, water returns to the surface as flowback, containing a mixture of fracture-return 
fluids and methane gas. Howarth et al. (2011) estimated 0.6% to 3.2% of life-time CH4 
productions to be emitted during the flow-back period. Even more CH4 is emitted during drill-
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out, which can release 0.33% to 0.62% of total life-time production. Combined, these two 
emissions emit about 1.9% of the total production of gas. This is three orders of magnitude 
greater than conventional gas, which is about 0.01% (Howarth et al. 2011). 
 Emissions are also due to leaks and routine venting. Jackson et al. (2015) reviewed 
multiple studies and found that equipment leaks and pneumatic devices are the largest sources 
during production. A typical well has 55 to 150 connections, some of which are pressure relief 
valves specifically designed to vent gas (Howarth et al. 2011). Once a well is completed and 
connected to a pipeline, it uses the same technologies as conventional gas so post-completion 
fugitive emissions should be the same. Therefore, an estimate of 0.3% to 1.9% leakage is 
conservative (Howarth et al. 2011).   
 More losses occur during processing. The amount of processing natural gas needs 
depends on its quality, which can vary within a formation. Emissions from this step of the natural 
gas well-to-consumer journey are from 0% (non-processed gas) to 0.19%. Based on other 
studies, Howarth et al. (2011) finds a lower limit of leakage from transportation, storage, and 
distribution to be 1.4%; however, the International Panel on Climate Change (IPCC) cautions 
that bottom-up approaches generally underestimate fluxes. Using “lost and unaccounted for gas,” 
pipeline leakages are estimated at 2.5% to 10% globally. US figures estimate an upper limit of 
3.6% (Howarth et al. 2011). Howarth et al. (2011) found total losses from “upstream,” or 
production, portions were so large that natural gas had higher lifecycle GHG emissions than that 
of coal. 
 According to the EPA, losses during transmission are greater than other steps of the 
natural gas supply chain. There are currently about 2.2 million miles of natural gas distribution 
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mains in US, with hundreds of thousands of higher-pressure transmission lines. However, some 
models and studies disagree with the EPA’s estimation, predicting up to 50% greater emissions. 
 Phillips et al. (2013) mapped pipeline leaks in Boston, Massachusetts, while Jackson et 
al. (2014) conducted a similar study for the city of Washington D.C. In Boston, leaks ranged up 
to 14 times the surface background CH4 concentration of 2.07 ppm. Most of these leaks were 
thermogenic gas based on their isotopic signature, which was indistinguishable from natural gas 
in gateway pipelines and consumer outlets. Only a small percentage of leaks appeared to be 
biogenic (Phillips et al. 2013). Jackson et al. (2014) confirmed the results of Phillips et al. 
(2013); the background concentration of Washington DC was approximately 37% greater than 
the global background concentration of CH4 of 1.82 ppm measured at Mauna Loa. The mean 
leak concentration of CH4 was 4.6 ppm with leaks closely matching the isotopic signatures and 
ratios from pipeline gas. The estimated leak rates from these sites gave a lower bound average of 
15,000 L of CH4 per day, the average US home using almost 5,500 L per day (Jackson et al. 
2014). While the density of 3.9 leaks per road mile was similar to Boston’s density of 4.2, 
Jackson et al. (2014) observed greater CH4 concentrations in Washington DC, which they 
attributed to older cast-iron piping. Their analyses on leaks and socio-economic indicators 
concurred with Phillips et al. (2013) that there was no statistically significance between the two.  
 Despite wide ranges and great uncertainties, the current range of observed CH4 emissions 
in the US is 2.3-11.7%, with higher percentages emitted “downstream” after production. Natural 
gas systems are already estimated to be the largest source of anthropogenic CH4 emissions in the 
US, but top-down studies are finding that it may be more important than previously thought. 
Top-down studies also seem to suggest that leak rates are higher than bottom-up inventories 
conclude, yet are limited in their ability to pinpoint where in the upstream process leaks occur. 
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Their own bottom-up and top-down flux calculations found that methane emissions contribute 
22-62% of regional flux and that these emission rates are 2.8-17.3% of productions (Caulton et 
al. 2013).  
 In the wake of the 2016 Paris Agreement, the United States and Canada have released a 
joint statement in an effort to reduce methane emissions from the oil and gas industries by 40 – 
45% below 2012 levels by 2025 (U.S.-Canada Joint Statement 2016). Given the wide range of 
uncertainties in methane emission, the US will first work to quantify leakage amounts. 
Identifying Sources: 
 
 The δ13C-CH4 value can be used to identify the source of atmospheric CH4. Biogenic CH4 
tends to have a much more negative δ13C-CH4 value than thermogenic CH4. δ13C-CO2 isotopic 
signatures in particular are also good indicators of source. Krevor et al. (2010) found that natural 
gas had a δ13C-CO2 isotopic signature of -52%0, while the atmospheric signature was -8%0, and 
soil respiration was -26%0. For methane, the observed signature for natural gas is -42.8%0 and -
39.0%0 from Phillips et al. (2013) and Jackson et al. (2014) respectively. For biogenic sources, 
methane had a signature of -53.1 to -64.5%0 (Phillips et al. 2013). 
 Keeling plots are a useful way to identify sources that contributed to increases in 
atmospheric CO2 and to interpret fluctuations in δ13C values of ambient CO2 (Keeling 1958; 
Pataki et al. 2003). Keeling plots graph δ13C-CO2 versus inverse CO2 values or δ13C-CH4 versus 
inverse CH4 concentrations. The bottom left corner represents the isotopic signature and 
concentration characteristic of the source, while the top-right values are representative of 
atmospheric values. In between represents the mixing. The regression gives a y-intercept that is 
indicative of the source’s δ13C-CO2 or δ13C-CH4 value. 
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Figure 1. Keeling Plot example depicting the relationship between source and atmospheric δ13C-CO2 values. Source:  
Keeling 1958. 
 
 Natural gas also has two telltale components:  ethane and propane. Neither ethane nor 
propane have biological sources as they are chain hydrocarbons, which are characteristic of gases 
derived from thermogenic sources (Jackson et al. 2014). The presence of these two gases is 
another sure way to determine the source. 
 Biogenic sources tend to have a much more negative δ13C-CH4 value than thermogenic. 
Additionally, biogenic sources have a much greater CO2: CH4 ratio (Baillie, personal 
correspondence 2015).  
Methane Hazards: 
 
 Methane can also pose physical hazards. At concentration levels of 5%, it can become 
explosive. Phillips et al. (2013) found that 6 out of 12 subset samples had gas concentrations that 
exceeded the explosion threshold. Jackson et al. (2014) had 12 out of 19 manholes that exhibited 
a Grade 1 leak, meaning that there was a probable hazard that required immediate repair as they 
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had natural gas concentrations that were potentially explosive. Incidents involving natural gas 
pipeline leaks cause an average of 17 fatalities, 68 injuries, and $133M worth of property 
damage per year in the U.S. (PHMSA Data & Statistics 2012, Jackson et al. 2014). Additionally, 
natural gas leaks impact human health negatively such as when the hydrocarbons of natural gas 
react with NOx to form ozone (West et al.. 2006, Jackson et al. 2014). Typically health effects do 
not occur from short term or low-level exposure. However, a study on human health found that 
residents living within ½ mile of wells were at greater risk of health impacts than those further 
away (Jackson et al. 2015). Also there are findings that natural gas may form fine particles and 
impair visibility (Jackson et al. 2015). The 2015 gas leak in Porter Ranch, the worst in U.S. 
history, provides a very vivid example of the negative impact of natural gas (Conley et al. 2016). 
The health impacts of this incident include headaches, nausea, nosebleeds, and dizziness, but 
other gases and chemicals, such as the carcinogens benzene and radon, released during the 
blowout may cause additional health problems, especially with long-term exposure (Favot 2015). 
 Natural gas offers, in the minds of many, energy independence and a solution for 
reducing greenhouse gas emissions. It is often touted as the alternative to coal as the burning of 
natural gas for electricity instead of coal reduces emissions of CO2, PM, NOx, SO2, and metals 
(Jackson et al. 2015). Natural gas produces half the CO2 of coal and also doesn’t produce coal 
ash that must then be stored. However, the benefits of switching may be offset due to methane 
leakage (Jackson et al. 2015). There is much need for better emissions data to minimize its 
climate footprint (Alvarez et al. 2012). 
 Howarth et al. (2011) estimated that 3.6% to 7.9% of methane escapes over the lifetime 
production of an unconventional well, which is at least 30% greater than conventional gas, if not 
twice as great. The shale gas footprint is even larger when viewed at the 20-year time horizon, 
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but is greater than conventional gas or oil at any time horizon. Many view natural gas as a 
transitional fuel, providing the US with energy independence and reducing GHG emissions, but 
that may not be the case. The production from shale gas is expected to grow 45% by 2035. 
 Comparing greenhouse gas (GHG) footprints, shale gas dominates, emitting 1.4 to 3 
times more than direct CO2 emissions, which results in a footprint 22% to 43% than 
conventional gas on a 20 year time horizon. On a longer time horizon, the effect is decreased by 
the relatively short residence time of methane in the atmosphere. Compared to coal over a 20-
year horizon, shale gas has a greater GHG of at least 20%, possibly more if expressed per 
quantity of energy available during combustion. Over a 100-year horizon, shale gas and coal are 
comparable. Other studies found conventional gas to have lower greenhouse gas (GHG) 
emissions than coal, but new data now suggests that the global warming potentials used were too 
low (57% of the new value). However, even with a lower warming potential, Howarth et al. 
(2011) found that if methane emissions were above a certain percentage, conventional gas would 
have a greater GHG footprint than oil and coal. Updating the global warming potential, Howarth 
et al. (2011) found emissions of only 2% to 3% to tip the balance.  
The Potential for Fracking in North Carolina: 
 
 Fracking refers to the process of hydraulic fracturing in which rock containing natural gas 
is fractured using a pressurized liquid to release the gas or oil. It has traditionally been 
considered an unconventional form of extraction, but is now a more readily used procedure 
particularly in the US. North Carolina had received little attention from oil and gas companies 
until 2012 when the US Geological Survey (Milici et al. 2011) released estimates on 
undiscovered gas in the East Coast Mesozoic basins. Two major basins are located within North 
Carolina:  the Deep River, and Dan River-Danville basins. The USGS found that the Deep River 
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basin has a 95% likelihood of being able to recover about 780 million barrels, while the Dan 
River-Danville only has 17 million barrels at the same 95% confidence level (Micili et al. 2011).  
 Following the release of the USGS report, North Carolina legalized fracking in August 
2012 with Senate Bill 820. It established the Mining and Energy Commission and stipulated that 
at least two years be taken to develop regulations. Public hearings began in January 2015 and 
regulations went into effect in March. Drilling permits were set to be available in July 2015. 
However, in June 2015, a judge reinstated a moratorium on fracking by calling into question how 
the Commission was formed (Jarvis 2015). This was not resolved until January 2016. 
 Counties have established local moratoriums on fracking due to the controversy over 
groundwater contamination. Such counties with moratoriums include Stokes, Anson, and 
Chatham. Lee County has a draft in process. However, in October 2015, the state legislature 
passed Senate Bill 119, which creates a hearing process that allows for the Oil and Gas 
Commission to potentially invalidate local moratoriums on fracking (Gutiérrez 2015). 
 Two studies have recently been released with the intent of providing a baseline record for 
groundwater quality prior to the introduction of fracking to North Carolina.  The first, Chapman 
et al. (2014), found low, non-toxic levels of dissolved methane in a little less than half of their 
samples.  The second, Down et al. (2015), found similarly low concentrations, but also analyzed 
δ13C-CH4, establishing that the higher methane concentrations were from biogenic sources. 
Study Purpose: 
 
 This project seeks to develop a baseline for atmospheric CO2 and CH4 in the North 
Carolina Piedmont with the goal of more fully understanding the spatial variability of these two 
gases in air. This study is a comprehensive effort to document atmospheric CO2 and CH4 across 
shale basins in the Piedmont of North Carolina prior to the introduction of fracking.  
	 15	
 As part of establishing a baseline study, this study will explore spatial and temporal 
relationships between survey sites. Urban-rural transitions will also be analyzed. Urban 
environments are predicted to have higher CO2 and CH4 concentrations than rural areas and also 
less negative δ13C-CH4 values and greater δ13C-CO2 values (Keeling 1958). Spatially, sites are 
predicted to be dissimilar to one another due to the variety of sources. Temporally, it is expected 
for values to fluctuate similarly across sites with changing seasons. 
Methods: 
 
 Measurements were taken using a field deployable Cavity Ring-Down Spectrometer 
(CRDS; Model 2201-I, Picarro, Inc., Sunnyvale, CA), which was mounted on the bed of a pick-
up truck and run off of invertors. The set up was similar to that of Farrell et al. (2013), who 
pumped air from the front of their vehicle through a ¼” plastic sample tubing. Efforts were made 
to reduce vibrations, though the Picarro was subject to less resultant noise from vibrations than 
some instruments. Picarro measurement accuracy is better than 1ppb. It continuously sampled 
outside air at 1 second intervals while driving. The CRDS measures variations of carbon dioxide 
and methane such as the isotopic concentrations, but also can measure a variety of other gases 
such as water vapor, ethane, propane, and hydrogen sulfide. The auto-switching mode was used 
to switch between high precision and high range measurements of CH4 given that the 
concentrations of potential measurements were unknown.  
 Transects were driven across shale deposits (a potential source of thermogenic CH4) to 
characterize current composition of atmospheric air in the region. Of particular interest was the 
Lee-Chatham transect, the region which has the greatest potential for development by hydraulic 
fracking. The other four surveys included transects in Durham, Rockingham, Anson, and the 
Uwharries National Forest, the latter being used as a control. Measurements were also taken 
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during the drive to and from these sites. 
 
Figure 2. Overview of Survey Sites and Shale Basins. 
 
Table 1:  Site Descriptions 
Site Location Description Additional Notes: 
Durham Durham sub-basin of 
Deep River Basin 
Mostly urbanized site  
Lee-Chatham Sanford sub-basin of 
Deep River Basin; 
over-top of the 
Cumnock shale 
formation 
Mostly rural with 
urban center of 
Sanford 
Greatest potential to 
be developed; 
Location of both 
groundwater studies:  
Chapman et al. 2014 
& Down et al. 2015 
Rockingham Dan River Basin Mostly rural with 
small towns 
Low likelihood of 
being developed 
Anson Wadesboro sub-basin Mostly rural with  
Durham	
Lee-Chatham	Anson	
Uwharries	
Rockingham	
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of Deep River Basin small towns 
Uwharries Uwharries National 
Forest 
Control Site (not on 
top of a shale basin) 
Almost completely 
rural 
 
 Farrell et al. (2013) suggested that secondary roads should be used in urban areas as 
major traffic corridors are biased towards elevated CH4. As such, routes throughout the survey 
site were planned to avoid major roads when possible. They also suggest that exhaust from 
preceding vehicles should not significantly affect data as long as winds are not parallel to the 
roadway. Still, efforts were made to leave distance between the lab truck and preceding vehicles 
to avoid contamination. 
 The CRDS analyzer was checked for accuracy multiple times per day throughout field 
campaigns. Samples of known gas concentrations, or standards, were run through the machine 
prior to and after drives, and every 90 minutes while collecting data. The standards were used to 
calibrate data and correct for the drift of the analyzer. The vehicle was stopped during 
calibration. Standards were carried in the field ing Tedlar bags, and each standard was run for 
five minutes. 
 To correspond the CRDS measurements to a location, a GPS unit (Garmin Dakota 20) 
was used. Coordinates were recorded for each measurement. Given the large quantity of data, 
measurements were scaled back to every ten seconds. 
 Originally, three transects would have been driven at different dates over each of the 
survey sites. However, due to time constraints and technical difficulties, three were completed 
for only the Durham and Rockingham sites, with two being done for each of the remaining sites. 
 Analysis of the data included maps of measurements, histograms, and Keeling plots. 
Maps of the components (CH4, CO2, δ13C-CH4, δ13C-CO2) are important to locate areas of 
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change. Additionally, ArcMap (ArcMap 10.3.1, ESRI) was used to separate urban and rural 
components of transects. Histograms were useful to determine whether the data was normally 
distributed about a mean. Any measurements unaccounted by normal variation were quickly 
obvious. Keeling plots were used to determine the isotopic signature of the source or total 
transect. Two-tailed t-tests were used to compare sites to themselves across time and to different 
sites. 
Results: 
 
Spatially: 
 
 Spatially, sites varied significantly from each other under a two-tailed t-test.  100% of 
sites were significantly different for CH4 values. For CO2, 85.5% of site were statistically 
different across time with p-values greater than 0.05.  For δ13C-CH4 values, 92.7% were 
significantly different.  80% of sites were different for δ13C-CO2.  There were no obvious site 
comparisons that were insignificant across different measurements. 
 
Figure 3. Total CH4 Concentrations (ppm) for Rockingham 12/09/2015 Survey in relation to municipalities and 
Mesozoic Basin location. 
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Figure 4. Total CH4 Concentrations (ppm) for Lee-Chatham 02/11/2016 Survey in relation to municipalities and 
Mesozoic Basin location. 
 
 
Figure 5. Total CH4 Concentrations (ppm) for Anson 03/05/2016 Survey in relation to municipalities and Mesozoic 
Basin location. 
 
Temporal Variability: 
 
 Across time, sites tended to be dissimilar from themselves. For CH4, only the comparison 
of Rockingham Dec-9 to Mar-3 was insignificant (p-value=0.0705).  All other CH4 comparisons 
were significantly different (88.9%).  CO2 yielded nearly identical results to CH4 except the 
insignificant comparison was Rockingham Feb-18 to Mar-03 (p-value = 0.1143).  δ13C-CH4 too 
	 20	
only had one insignificant result:  Anson Dec-08 to Mar 5 (p-value = 0.1741).  δ13C-CO2 was 
less conclusive with three insignificant comparisons:  Rockingham Feb-18 to Mar-03, Lee-
Chatham Feb-11 to Feb-23, and Uwharries Dec-08 to Mar-05. 
 
Figure 6. Total CO2 Concentrations (ppm) for Durham 11/20/2015 Survey in relation to municipalities and 
Mesozoic Basin location. 
 
 
Figure 7. Total CO2 Concentrations (ppm) for Durham 02/12/2016 Survey in relation to municipalities and 
Mesozoic Basin location. 
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Figure 8. Total CO2 Concentrations (ppm) for Durham 02/25/2016 Survey in relation to municipalities and 
Mesozoic Basin location. 
 
Urban-Rural: 
 
 Across the majority of sites, there was a distinct urban-rural transition (p value <0.05) 
within each site during a particular survey (date). This held true for all four measurements.  
However, when comparing all urban to all rural values across sites, only CO2 and δ13C-CO2 
values were significant with respective p-values of < 0.00001 and 0.00003. δ13C-CH4 values 
almost were significant with a p-value of 0.0647. Urban CO2 concentrations averaged 405.726 
ppm, while rural areas averaged 399.917 ppm. δ13C-CH4 values were slightly more negative in 
urban areas at -9.786%0, while rural areas averaged -9.441%0. 
Table 2. Urban and Rural Comparisons Across Sites 
 CH4 
(ppm) 
CO2 
(ppm) 
δ13C-CH4 
(%0) 
δ13C-CO2 
(%0) 
Rural Average 1.874 399.917 -51.023 -9.441 
Urban Average 1.875 405.726 -50.244 -9.786 
P-value 0.603 <0.00001 0.065 0.00003 
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Histograms: 
 
 Histograms were used to visually see any potential sources within the survey, as 
measurements could fall beyond natural variation and the bell curve distribution.  Typically, 
CH4 and CO2 histograms resembled the right half of the bell curve, while δ13C-CH4 and δ13C-
CO2 showed a normal distribution.  However, occasionally data would occur in the extreme 
reaches of the tail of the CH4 or CO2 curve, indicating a potential source.  The Uwharries CH4 
data was unusual as it resembled a full bell curve.  Two other figures were abnormal as they 
were bimodal:  Rockingham Feb-18 and Anson Dec-08 δ13C-CH4 values. 
 
Figure 9.  δ13C-CO2 Frequencies for Durham on February 12th, and the Uwharries on March 5th, 2016. Note the shift 
in mode between the two. The Uwharries has a mode of -9%0 while Durham, a much more urban site, has a mode 
closer to -11%0.  The atmosphere has a value of -8%0, indicating that Durham is receiving some additional input of 
CO2. 
 
Keeling Plots: 
 
 Overall Keeling plots were not as definitive as hoped for overall survey sites given the 
sheer number of data points. Residual values were fairly large. All δ13C-CH4 values found from 
the y-intercept of the linear regression line were -82 per mil or smaller.  δ13C-CO2 values ranged 
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from -22 to -30 per mil.  However, Keeling plots remain useful for identifying sources for 
maximum and minimums in δ13C-CH4 and δ13C-CO2 data. 
 
Figure 10. Overall Keeling Plot of Rockingham December 9th, 2015. The source δ13C-CO2 value is given by the y-
intercept, -25%0, which is characteristic of a biogenic source. Given that Rockingham is primarily a rural site with 
several farms, a biogenic signature is expected. 
 
To further explore potential sources, data was plotted in 5-minute increments for each site.  
Looking at the location of the 5-minute increments provided insight into areas where 
atmospheric concentrations were being influenced by possible thermogenic sources (Figures 13 
& 14).  δ13C-CO2 Keeling plots provided more definitive distinctions between biogenic and 
thermogenic sources than did δ13C-CH4 plots which gave extremely negative, or biogenic, δ13C-
CH4 values as the y-intercept.  For δ13C-CO2 Keeling plots paired with survey locations, 
thermogenic signatures were almost always located within city limits (Figures 13 & 14, 
Appendix Figures 15 -17), suggesting pipeline leaks. 
 
Table 3. Rockingham 12/09/2015 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increment Slope Y-intercept (%0) 
1 1202.088615 -13.19473518 
2 10930.25592 -37.10446541 
3 8580.036338 -32.20107918 
4 -75169.80209 189.087596 
5 224.4873639 -9.993393542 
6 23620.23433 -71.71848717 
7 24989.13369 -75.42595866 
8 50108.12919 -141.9276196 
9 -45049.65311 109.9183844 
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10 -52439.0646 130.1124091 
11 2122.424061 -15.09356799 
12 7343.243898 -28.23768312 
13 -3136.70775 -1.037622717 
14 28112.92082 -83.25540406 
15 16493.54531 -52.84018499 
16 -49365.41094 122.2909891 
17 10300.49293 -36.44275146 
18 4854.965124 -22.02008723 
19 -1285.700828 -5.995426465 
20 20904.46133 -63.63013936 
21 4260.086138 -20.68820751 
22 -4384.720337 1.916082737 
23 8453.044149 -31.35543245 
24 4652.824587 -20.51833377 
25 31782.41489 -91.98740937 
26 10438.65654 -36.62103338 
27 13836.56589 -45.51684008 
 
 
 
 
Figure 11. Keeling Plot of 35th 5-minute Increment of Durham 11/20/2015.  The y-intercept is -26 %0, which is 
indicative of a biogenic δ13C-CO2 value. 
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Figure 12. Keeling Plot of 14th 5-minute Increment of Durham 02/25/2016.  The y-intercept is -98.2 %0, which is 
similar to a thermogenic δ13C-CO2 signature, which typically ranges from -53 to -64.5%0, or is more negative. 
 
 
Figure 13.  Selection of δ13C-CO2 5-minute Keeling Plots by location for Lee-Chatham 02/11/2016.  Red circles 
indicate areas of potential thermogenic sources as evidenced by δ13C-CO2 values less than – 50 %0.  However, the 
slight slope suggests that there is not a high rate of mixing between source and atmosphere, making it difficult to 
attribute the gas to a purely thermogenic source. 
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Figure 14.  Selection of δ13C-CO2 5-minute Keeling Plots by location for Durham 11/20/2016.  Red circles indicate 
areas of potential thermogenic sources as evidenced by δ13C-CO2 values less than – 50 %0.  However, the slight 
slope suggests that there is not a high rate of mixing between source and atmosphere, making it difficult to attribute 
the gas to a purely thermogenic source.  Note how despite how urbanized the survey site is, the large majority of 
Keeling plots showed a strong biogenic signature of δ13C-CO2 values between -20 and -30 %0. 
 
Discussion: 
 
 This study found the concentration and composition of CO2 and CH4 to be highly 
variable, even across similar landscapes under similar conditions. One of the major problems 
facing this study and similar explorations is being able to distinguish small leaks from 
background variation. The variation in the ambient background concentration is roughly ten 
times greater than the concentration differences in leaks, making small leaks difficult to detect. 
Also, as leaks are small, their composition ratio (CO2:CH4 or CH4:H2S) is very similar to that of 
the ambient background. Dr. David Risk has been working to develop techniques that are 
sensitive enough to detect leaks. Detecting small leaks is important as their effects add up. Also, 
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their detection shifts more responsibility to the companies, who would now have the technology 
to understand in more detail and make improvements. 
 Krevor et al. (2010) make the case that leaks can be identified through observation of 
increased CO2 concentrations, and that sources can be identified by signatures, which is 
particularly useful when background fluxes are too high or variable to detect leakage from CO2 
concentrations alone. However, there was variation in the data around the best-fit lines of the 
Keeling plots due to noise in the signatures from measurements being taken at different 
times. This is particularly important if CO2 concentrations are changing rapidly (>10 ppm/s). In 
conclusion, they state that there is no one technology that can fulfill all the needs of CO2 
monitoring, but that this method is best suited for detection and locating leakages. 
 Yet, according to Liang et al. (in review) the Keeling plot approach is limited when 
applied to a large, variable area because of the common assumption of a constant and 
homogenous variability of δ13C production and flux across the study area. The Keeling plots 
created for the survey sites of this study violated this assumption as production and flux were not 
constant.  Because of these unequal mixing rates, potential leaks became blurred in the mass of 
data.  A better way to approach finding sources would have been to create a computer code that 
could generate Keeling plots in real-time, and record the slope and y-intercepts, which then could 
have been correlated to a GPS location. 
 The urban versus rural setting was a potential indicator of δ13C-CO2 values given that 
δ13C-CO2 values are slightly more negative in urban areas.  While δ13C values are more 
commonly used to determine sources than concentration data, the amount of difference in δ13C-
CO2 values likely would be hidden by natural variation. However, the difference in CO2 
concentration between urban and rural settings was found to be more distinctive in this study. 
δ13C
δ13C
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 There are limits to what conclusions can be made about the seasonality of measurements.  
Only two sites were able to be visited three times and it is difficult to determine temporal trends 
with three points, let alone two. Furthermore, January and February were unusually warm 
months.  This may have affected typical seasonal trends such as the increase of gas usage to heat 
homes during the winter or the activity of microbes and plants. As is often the case, more data 
are needed to understand the effect of seasons. 
 Another aspect of variation that could be explored, but was not for this study was 
variation over the span of a day.  Farrell et al. (2013) observed distinctive day and night 
differences in concentration, yet these did not explain all differences in concentration. They 
suggested that the significant concentration changes could potentially overwhelm day-night 
emission differences. Daytime surface winds tend to be higher than nighttime winds, leading to a 
greater dilution and lower concentrations. However, boundary layers or a stable atmosphere can 
trap CH4 closer to the ground. Nighttime boundary thickness enhances CH4 concentrations, 
allowing for easier source attribution than daytime measurements (Farrell et al. 2013).  While 
most drives began in the early morning, drive time varied given the distance to and from the 
sites.  Further work could be done to determine whether or not time of day significantly 
influenced the concentrations and composition. 
 There are multiple other avenues for additional analysis of this dataset and expanding 
upon the study.  Spatially, latitude and longitude could be corresponded to concentrations and 
composition to see if there is a relationship. For future studies, it would be potentially useful to 
determine a better method of downsizing the data, or selecting a subset. Additionally, the 
standard used was only calibrated for CO2, not for CH4. Being calibrated for both would 
increase the accuracy. Furthermore, a future study correlating the location of leaks to nearby 
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pipelines would strengthen the validity of readings and 5-minute Keeling plots for identifying 
thermogenic sources. 
Conclusion: 
 
 The results of this study demonstrate the wide variability in atmospheric carbon dioxide 
and methane throughout the Piedmont.  Not only do sites often vary significantly from each 
other, but often from themselves throughout time.  Urban-rural boundaries existed, and 
differences were particularly noticeable in CO2 and δ13C-CO2 values. Carbon dioxide and 
methane will continue to become increasingly important as fossil fuel consumption persists and 
particularly if fracking is introduced to North Carolina.  Should fracking begin near study sites, 
the measurements of this study can serve as an atmospheric baseline study to future 
measurements to explore potential air quality impacts. 
  
	 30	
 
Appendix: 
 
Maps: 
(those not included in the body of the paper) 
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Table 4. Averages of Variables per Survey 
 CH4 (ppm) CO2 (ppm) δ13C-CH4 (%0) δ13C-CO2 (%0) 
D 11/20/2015 1.83977 424.668 -52.1598 -9.70727 
D 02/12/2016 1.88096 432.690 -48.1004 -11.35813 
D 02/25/2016 1.84916 398.922 -51.4325 -9.35064 
R 12/09/2015 1.86635 384.426 -53.3781 -9.41987 
R 02/18/2016 1.88980 398.485 -32.6888 -9.73704 
R 03/03/2016 1.86434 399.119 -46.4576 -9.67175 
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LC 02/11/2016 1.83807 396.245 -48.0369 -9.67491 
LC 02/23/2016 1.85628 399.903 -52.0298 -9.72881 
A 12/08/2015 1.90869 407.075 -55.9845 -9.29285 
A 03/05/2016 1.89676 392.713 -55.6347 -8.62722 
U 12/08/2015 1.89120 397.510 -54.4684 -8.82742 
U 03/05/2016 1.91829 393.274 -53.7447 -8.87268 
(D – Durham, R – Rockingham, A – Anson, LC – Lee-Chatham, & U – Uwharries) 
Dates correspond to surveys done is late 2015 and early 2016. 
 
Table 5. Spatial δ13C-CH4 Comparisons P-values 
 D  
11/20 
D  
02/12 
D  
02/25 
R  
12/09 
R  
02/18 
R  
03/03 
A  
12/08 
A  
03/05 
LC 
02/11 
LC 
02/23 
U  
12/08 
U 
03/05 
D 
11/20 
            
D 
02/12 
<0.00001            
D 
02/25 
<0.00001 <0.00001           
R 
12/09 
<0.00001 <0.00001 <0.00001          
R 
02/18 
<0.00001 <0.00001 <0.00001 <0.00001         
R 
03/03 
<0.00001 <0.00001 <0.00001 <0.00001 <0.00001        
A 
12/08 
<0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001       
A 
03/05 
<0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001      
LC 
02/11 
<0.00001 0.742 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001     
LC 
02/23 
0.653 <0.00001 0.081 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001    
U 
12/08 
<0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001   
U 
03/05 
<0.00001 <0.00001 <0.00001 0.126 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001  
(D – Durham, R – Rockingham, A – Anson, LC – Lee-Chatham, & U – Uwharries) 
Dates correspond to surveys done is late 2015 and early 2016. 
 
Table 6. Temporal CH4 Comparisons P-values 
 Durham 
11/20 
D 02/12 D 
02/25 
Rockingham 
12/09 
R 02/18 R 
03/03 
Anson 
12/08 
A 
03/05 
Lee-
Chatham 
02/11 
LC 
02/23 
Uwharries 
12/08 
U 
03/05 
D 
11/20 
            
D 
02/12 
<0.00001            
D 
02/25 
<0.00001 <0.00001           
R 
12/09 
            
R 
02/18 
   <0.00001         
R 
03/03 
   0.0705 <0.00001        
A 
12/08 
            
A 
03/05 
      <0.00001      
LC 
02/11 
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LC 
02/23 
        <0.00001    
U 
12/08 
            
U 
03/05 
          <0.00001  
(D – Durham, R – Rockingham, A – Anson, LC – Lee-Chatham, & U – Uwharries) 
Dates correspond to surveys done is late 2015 and early 2016. 
 
Table 7. Durham 11/20/2015 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 853.3960638 -515.9618014 
2 82.16852205 -102.9944599 
3 327.1665079 -232.2874958 
4 901.5110509 -544.8888547 
5 1636.633644 -948.0126412 
6 1327.42649 -779.4482738 
7 1906.451686 -1094.454068 
8 526.286478 -340.2729328 
9 216.1372375 -170.5510857 
10 252.2275702 -190.7563837 
11 954.7223582 -570.5144283 
12 248.310015 -186.6755297 
13 839.9515874 -511.3892211 
14 716.1634142 -444.0786347 
15 306.1700713 -219.2943122 
16 1222.892104 -716.78345 
17 1476.921359 -858.6206888 
18 1320.773736 -772.5464827 
19 338.7416886 -235.0765122 
20 1052.113206 -624.5545002 
21 436.3728746 -288.406416 
22 417.4777948 -278.7235297 
23 277.8870892 -203.1184568 
24 -133.461749 21.28805573 
25 1342.928424 -785.1732605 
26 1073.76381 -637.2307054 
27 1311.768897 -768.3528991 
28 1667.391073 -961.0871654 
29 1274.044613 -745.263161 
30 676.5726263 -418.6926657 
31 1133.337631 -669.4452861 
32 1400.096965 -815.9128243 
33 1011.932666 -600.8282008 
34 1054.772711 -625.8052384 
35 1112.056283 -655.8647608 
36 1610.176119 -927.8424353 
37 1040.819062 -617.8495006 
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38 1085.630846 -642.7067857 
39 535.4909912 -342.7842897 
40 996.2563327 -593.4598912 
41 433.3588893 -285.9657518 
42 324.2053559 -227.1404384 
43 246.5989691 -184.0222294 
 
Table 8. Durham 11/20/2015 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 13081.39416 -38.0168597 
2 5179.369034 -19.97898156 
3 6347.081797 -24.42332219 
4 8414.299773 -29.44803302 
5 5873.580675 -23.24398188 
6 -29151.60215 65.26733996 
7 7816.652144 -27.74482526 
8 7128.356221 -25.78630532 
9 5750.452245 -23.24495649 
10 6445.597938 -24.40083367 
11 4528.845688 -20.29091188 
12 8530.402303 -30.36015619 
13 8176.247353 -29.45463692 
14 34483.83554 -96.59531019 
15 9100.472946 -31.97020512 
16 4138.952508 -19.77347465 
17 22482.87468 -65.46147823 
18 9107.458382 -31.95267486 
19 6261.728282 -24.55799629 
20 5171.779961 -22.64751668 
21 5690.195833 -23.68645739 
22 7739.16935 -28.05585434 
23 4356.778684 -20.33270579 
24 6226.600526 -24.88736249 
25 5193.162385 -22.05388215 
26 5236.941678 -22.46016508 
27 8453.157254 -29.79010203 
28 672.242156 -10.60551632 
29 4593.962904 -20.35106959 
30 5258.862879 -22.58453963 
31 9540.926993 -32.46754698 
32 -186.6576983 -8.810355417 
33 6762.015563 -25.85839278 
34 5600.608379 -23.17819556 
35 6757.399176 -25.9840572 
36 11189.28196 -37.17221006 
37 5175.612027 -22.27284513 
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38 2037.474782 -14.7020356 
39 6575.735788 -24.90364058 
40 7953.233821 -28.38349936 
41 4574.811249 -20.782773 
42 6306.837334 -24.74424908 
43 4985.475343 -22.0787237 
 
Table 9. Durham 02/12/2016 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 447.4866086 -288.0311656 
2 850.4006233 -502.4221512 
3 -43.85016002 -26.68289252 
4 -15.23909724 -39.39756424 
5 225.3795203 -167.1504557 
6 1161.186569 -670.2081969 
7 1563.361631 -885.1156443 
8 196.0058878 -152.0140439 
9 77.1464903 -89.19620848 
10 258.3312008 -182.9519172 
11 260.0307642 -185.0767685 
12 429.9601242 -276.3448714 
13 1485.451474 -843.063002 
14 697.541323 -420.637403 
15 825.0714863 -488.4709089 
16 406.1266432 -264.6438562 
17 1327.49878 -761.7333258 
18 2268.308973 -1266.333741 
19 919.6560237 -539.9511675 
20 1061.982561 -613.4649974 
21 230.0389727 -170.8463462 
22 339.3888518 -230.1750924 
23 227.6699071 -168.8176546 
24 314.4703437 -216.1868802 
25 944.9112751 -552.7712943 
26 827.728272 -489.0242478 
27 690.0922768 -413.5945281 
28 153.1354705 -129.1788448 
29 677.7082599 -409.5358106 
30 892.2167906 -522.777868 
31 124.9722966 -115.0065512 
32 980.1752361 -570.8742898 
33 1150.833884 -659.7130779 
34 505.6732578 -317.6000739 
35 331.8903172 -225.39449 
36 1012.48012 -587.9284279 
37 29.46010422 -64.12746039 
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38 -93.78820864 1.176244787 
39 516.8253896 -323.5192637 
40 635.8450753 -386.5034626 
41 200.0798438 -155.1867607 
 
Table 10. Durham 02/12/2016 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 7744.674943 -28.38590184 
2 7112.895603 -27.33508536 
3 7775.27902 -29.11594504 
4 8507.506773 -30.83136353 
5 4984.735842 -22.87928527 
6 243.2651743 -10.75439941 
7 2766.489195 -16.90162945 
8 7412.355244 -28.59931799 
9 6833.473612 -26.98797216 
10 5951.310802 -24.99371448 
11 5105.770227 -23.16449862 
12 6407.880212 -25.81597996 
13 5543.906823 -23.750366 
14 6981.270008 -27.58001044 
15 5677.905514 -24.85549454 
16 16591.2694 -51.65991339 
17 -5361.134744 3.402764652 
18 4375.101029 -21.47587602 
19 5204.960249 -24.03846436 
20 2472.720026 -17.08840879 
21 8170.688949 -30.27574776 
22 5428.438788 -23.8347546 
23 7170.920093 -28.15869487 
24 8690.103748 -31.70882276 
25 11091.44834 -37.59393839 
26 5636.071396 -24.72870617 
27 6590.847065 -26.90185282 
28 8286.290466 -30.48510336 
29 4364.106585 -21.46138076 
30 6216.929505 -26.11823376 
31 6816.902658 -26.9226165 
32 6511.586338 -26.7856105 
33 5846.692949 -25.1478692 
34 9356.975777 -33.53560498 
35 4984.059011 -23.26188454 
36 6651.968761 -27.02344563 
37 7698.699517 -29.6022156 
38 7621.850889 -28.69170728 
39 6461.074817 -26.06012538 
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40 8058.105136 -29.76592836 
41 7756.914801 -29.32463084 
 
Table 11. Durham 02/25/2016 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 484.3536773 -312.0929136 
2 816.7017566 -490.5546459 
3 675.6159742 -415.5247452 
4 31.00924941 -68.18175658 
5 1043.147533 -612.9899036 
6 958.5269122 -570.1690674 
7 781.0143802 -471.2702668 
8 1424.399262 -817.3665644 
9 337.1689623 -232.6196503 
10 1703.537083 -973.7086437 
11 1079.859382 -637.4525904 
12 1409.009123 -815.6673714 
13 1356.123566 -787.2868621 
14 -863.7456637 416.1181758 
15 -258.2532726 83.42989153 
16 567.0004302 -358.1489716 
17 1824.951944 -1046.796912 
18 1513.349657 -876.9404823 
 
Table 12. Durham 02/25/2016 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 7643.798656 -28.42240413 
2 12007.716 -39.31086218 
3 4291.965742 -20.53935687 
4 5301.652285 -22.92656337 
5 -24304.50721 52.86484439 
6 5260.018491 -23.13720611 
7 14827.70698 -46.96903462 
8 1546.406207 -13.57680831 
9 7548.915844 -28.13856741 
10 6720.632164 -25.91545216 
11 -5550.879612 5.132410992 
12 21630.50292 -64.88667775 
13 -6913.71209 8.137302352 
14 35462.05119 -98.1547009 
15 12401.39652 -38.94411323 
16 2356.668241 -15.16427786 
17 3994.008733 -19.49789346 
18 10190.53566 -35.17848263 
 
Table 13. Rockingham 02/18/2016 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
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5-minute Increments Slope Y-intercept 
1 95.73093281 -97.76930749 
2 1441.149629 -816.6335412 
3 -3084.726761 1622.633798 
4 -32.33087868 7.17786707 
5 124.5267996 -76.07820468 
6 -121.1957433 55.06717812 
7 23.60785271 -22.19254898 
8 213.1839415 -122.1122361 
9 47.78877939 -34.45709251 
10 60.56504322 -41.44451203 
11 72.80933283 -48.02956409 
12 -33.58172868 7.868600815 
13 -208.3061691 89.3713619 
14 1514.630121 -848.2903854 
15 1270.598925 -720.4190045 
16 483.7610345 -307.4107213 
17 1566.734483 -878.4061322 
18 1385.311243 -781.2493658 
19 1858.742913 -1031.866892 
20 1288.682984 -731.0764975 
21 895.8059968 -522.7845505 
22 1338.095358 -758.1501782 
23 988.2222673 -572.3467418 
24 1930.221076 -1069.326508 
 
Table 14. Rockingham 02/18/2016 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 -660.4819579 -8.514724643 
2 7974.990923 -29.70540095 
3 12900.81428 -41.97336856 
4 5541.045928 -23.82921875 
5 7887.812503 -29.35758467 
6 -16311.02686 31.70172062 
7 13083.10385 -42.79772885 
8 22662.49335 -66.81995248 
9 2402.168061 -15.22241999 
10 37017.35003 -103.6701139 
11 30209.15333 -86.08062292 
12 -3350.169841 -1.468249538 
13 11978.46524 -39.33941294 
14 21423.90747 -63.47935149 
15 1241.118337 -13.21125124 
16 7692.47749 -28.94961523 
17 158623.7249 -412.8955255 
18 7191.655999 -27.46661457 
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19 2271.358472 -15.71303112 
20 -10611.14203 16.93741672 
21 4570.485807 -21.22626087 
22 3906.472111 -20.17298674 
23 68161.64201 -183.0467837 
24 14576.04796 -46.98706609 
 
Table 15. Rockingham 03/03/2016 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 607.3452978 -369.6179314 
2 1228.017862 -700.8966665 
3 1932.191115 -1080.89317 
4 364.8290843 -239.3216794 
5 444.4066131 -283.3366678 
6 2206.981718 -1236.256981 
7 1659.610302 -939.9238736 
8 1497.35766 -852.5788611 
9 1545.005647 -880.375169 
10 1444.994309 -827.6358694 
11 1628.835556 -925.8383385 
12 1814.763125 -1028.605991 
13 1314.469376 -756.6518154 
14 1375.091488 -788.0944116 
15 1679.283691 -950.1806147 
16 351.0656266 -237.5231882 
17 1277.703834 -736.0805782 
18 1233.236082 -712.1530984 
19 1968.75972 -1108.827312 
20 1232.061905 -712.2226532 
21 504.2650377 -317.6972485 
22 673.2443565 -403.0111381 
23 885.8717639 -519.0838012 
24 516.2350115 -322.2514585 
25	 286.3649445	 -201.4477772	
26	 998.7705448	 -575.2027407	
27	 1155.822172	 -666.9482017	
28	 1667.545202	 -943.9267045	
29	 82.46865429	 -89.61423009	
 
Table 16. Rockingham 03/03/2016 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 8792.07092 -31.68205785 
2 5970.129271 -24.61161989 
3 16509.51123 -51.24941207 
4 16810.32055 -51.63571615 
5 -35797.30914 80.7243535 
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6 -606.1808372 -8.16200438 
7 89338.06301 -235.59547 
8 2180.592179 -15.39774315 
9 63407.27359 -170.0058769 
10 57117.46934 -154.6383245 
11 7638.864197 -28.74171007 
12 3908.488565 -19.7212089 
13 19464.12497 -58.81282851 
14 17827.62014 -54.9955559 
15 -6377.631047 6.17820529 
16 6369.226325 -24.99281559 
17 41803.33143 -115.5462368 
18 69233.48351 -184.8414105 
19 -61211.96216 145.840693 
20 2012.749235 -13.99802535 
21 12368.83494 -40.61464172 
22 4224.791261 -20.42412167 
23 2570.189619 -16.43109488 
24 4978.473459 -21.92462103 
25	 14386.16484	 -45.41743377	
26	 -11555.57307	 20.13297414	
27	 5324.550958	 -22.92173494	
28	 115116.4845	 -302.1924962	
29	 8399.545469	 -30.52080678	
 
Table 17. Lee-Chatham 02/11/2016 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 618.0614667 -380.9673652 
2 30.74465629 -63.31876 
3 968.9287483 -570.0598587 
4 -83.56213065 -1.742493923 
5 1327.251447 -759.4352017 
6 199.5494984 -156.4152973 
7 88.60653251 -95.48054855 
8 1423.740607 -825.0312088 
9 1361.953204 -790.7475244 
10 1624.241337 -935.415242 
11 1872.565692 -1073.30748 
12 1877.892148 -1073.924217 
13 662.8161037 -410.6555529 
14 863.8236671 -519.3492875 
15 113.0281974 -108.7049008 
16 1213.744193 -711.8940105 
17 970.0733851 -579.4079809 
18 1029.479687 -609.9547341 
19 991.8541718 -590.1643558 
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20 267.001085 -194.4961574 
21 1620.271254 -933.5575924 
22 1318.735889 -768.166676 
23 714.6914892 -440.5676031 
24 1828.841719 -1050.685227 
 
Table 18. Lee-Chatham 02/11/2016 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 11228.03078 -37.97671853 
2 16030.24619 -50.44132289 
3 6242.061385 -25.4464731 
4 10139.2919 -35.45327441 
5 5885.335934 -24.96256697 
6 6455.416044 -26.47690866 
7 4618.283768 -21.53473482 
8 6158.030258 -25.04830702 
9 -9311.344369 14.46093571 
10 -99752.59959 247.0319075 
11 -278886.4621 707.6044303 
12 4916.846656 -22.10838405 
13 3813.671507 -18.95174202 
14 35469.13257 -100.5407251 
15 -38363.34574 88.47245331 
16 21684.27504 -65.1940012 
17 -83345.08354 204.0174791 
18 -214.9591398 -8.936427891 
19 -27240.49155 60.05487632 
20 17071.64398 -52.69240233 
21 9346.978653 -33.20878297 
22 9715.669239 -33.90421742 
23 3402.682417 -17.54663868 
24 -18186.02873 37.31106734 
 
Table 19. Lee-Chatham 02/23/2016 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 1464.638627 -839.7437838 
2 312.9154337 -222.3550456 
3 160.6999422 -139.9220936 
4 45.7495124 -79.44254993 
5 315.0656657 -221.2368137 
6 785.1134269 -474.2168932 
7 1579.509584 -900.9715197 
8 1408.965938 -807.7539421 
9 391.9821192 -263.1899162 
10 169.778291 -143.3653995 
11 680.3508946 -419.3357464 
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Table 20. Lee-Chatham 02/23/2016 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 4378.04777 -21.30227355 
2 10121.28322 -34.99288067 
3 6949.476557 -25.74025229 
4 8111.889579 -29.22561333 
5 -46299.34338 109.0593101 
6 7622.770446 -29.35054616 
7 -2578.951508 -2.996622859 
8 -2581.513545 -3.37902658 
9 4812.284985 -21.8545519 
10 925.6747231 -11.80526161 
11 4666.050638 -21.43348849 
 
Table 21. Anson 12/08/2015 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 424.5391813 -269.037643 
2 268.2348388 -193.6940716 
3 768.2440653 -459.812545 
4 1083.411684 -625.074457 
5 24.94443053 -69.1838938 
6 436.0975478 -284.9334728 
7 1855.701385 -1032.688637 
8 1898.585917 -1056.563611 
9 1433.118245 -808.7109562 
10 1590.382856 -891.2200637 
11 1673.752219 -935.177028 
12 1589.899904 -890.8921266 
13 616.6812633 -381.5032885 
14 197.6427929 -159.3306407 
15 536.3309064 -338.7872204 
16 780.0418538 -468.1255662 
17 -171.5755388 35.05151539 
 
Table 22. Anson 12/08/2015 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 -8723.195326 13.18017792 
2 12305.765 -39.44173889 
3 -2988.611018 -1.186097433 
4 4352.459509 -19.90750591 
5 -5273.643379 4.089653084 
6 -21025.96078 44.38152983 
7 60905.7947 -163.6589885 
8 -4178.621618 1.570349919 
9 8893.749512 -31.19196046 
10 -4213.954856 1.767538682 
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11 7638.01972 -28.18713138 
12 8199.421882 -29.43280269 
13 4186.649636 -20.24922793 
14 8497.819621 -29.82794831 
15 2413.169235 -16.57361741 
16 1366.149761 -12.56261089 
17 4175.665322 -18.72805108 
 
 
Table 23. Anson 03/05/2016 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 1398.737044 -791.4333905 
2 1688.197542 -943.3937907 
3 1209.520268 -692.0934788 
4 1312.652412 -747.3012238 
5 1880.714597 -1045.580492 
6 1747.984964 -975.3324802 
7 373.6800432 -248.4654037 
8 1550.26131 -872.6133424 
9 1016.797393 -591.2030608 
10 1542.835804 -870.6780307 
11 616.0392924 -381.804433 
12 1385.799219 -786.6258006 
13 141.1935698 -129.3050948 
14 1640.409652 -921.8053707 
15 1009.901018 -590.2002278 
16 1538.092065 -870.8133429 
17 966.5563735 -567.2678529 
18 2116.479822 -1176.78964 
19 2221.541771 -1233.317832 
20 1114.190646 -646.322253 
21 1704.200145 -958.188853 
22 1952.431528 -1091.197061 
23 1417.859508 -804.9988223 
24 1343.965265 -764.1800848 
25	 1407.364373	 -800.0307392	
26	 1437.340756	 -815.9541166	
27	 1772.734509	 -995.416289	
 
Table 24. Anson 03/05/2016 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 49972.73182 -134.9033528 
2 -52988.47546 127.0292944 
3 7434.086892 -27.45658737 
4 -58419.96454 139.8933145 
5 -21032.71422 44.8904318 
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6 9644.193701 -33.29872825 
7 621.1651323 -9.634589447 
8 45034.79101 -123.7181278 
9 11527.20598 -37.80898046 
10 6035.184044 -23.72147003 
11 4944.256673 -20.80024589 
12 -40489.78295 96.33790512 
13 49616.10954 -135.7181244 
14 -14444.26345 28.67232261 
15 3696.330902 -18.20785762 
16 -13724.70968 26.95226645 
17 42169.49036 -116.6885859 
18 89601.54392 -239.417346 
19 30142.61433 -85.41646686 
20 1913.803532 -13.48082965 
21 -1658.509228 -4.611611739 
22 19571.8034 -59.03110088 
23 10946.67871 -36.5859009 
24 -1559.946437 -5.919827608 
25	 -41249.376	 96.51576844	
26	 124879.3631	 -330.6330847	
27	 49123.0946	 -135.4024972	
 
Table 25. Uwharries 12/08/2015 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 1182.505024 -675.8691853 
2 1334.449279 -754.3194708 
3 1306.133505 -742.6549319 
4 1156.364975 -664.2041876 
5 1346.076669 -762.6081915 
6 494.1180934 -315.7490063 
7 1246.228665 -714.1092476 
8 1050.248765 -609.3022503 
9 1024.752592 -596.3507902 
10 585.5186741 -364.5764357 
11 1159.344848 -665.5172721 
12 1800.217275 -1005.647234 
13 704.1131035 -427.7262785 
14 1129.37444 -656.0933902 
15 1436.815166 -817.8669072 
16 1388.066194 -789.3797837 
17 1798.226545 -1007.720644 
18 1365.972592 -778.9376522 
19 818.4857838 -489.9163696 
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Table 26. Uwharries 12/08/2015 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 3271.19289 -17.06115236 
2 65178.00959 -172.762026 
3 -7179.060411 9.206569993 
4 5383.287102 -22.36882412 
5 19944.49601 -58.93266042 
6 -18806.62394 38.66324523 
7 7526.85971 -27.76168886 
8 13465.42895 -42.34281762 
9 4296.449093 -19.89421783 
10 30829.27345 -86.76688544 
11 14621.31969 -45.89653201 
12 -138769.8028 343.8023163 
13 5830.803695 -23.84878814 
14 7109.010159 -27.171623 
15 -2036.062205 -3.792760754 
16 20777.54817 -60.37277751 
17 60582.21142 -162.1529552 
18 46788.27097 -127.5597401 
19 23650.76991 -68.93222279 
 
Table 27. Uwharries 03/05/2016 CH4 5-minute Keeling Plot Slopes and Y-intercepts 
5-minute Increments Slope Y-intercept 
1 1492.146755 -841.1672642 
2 1230.395531 -704.0652299 
3 1780.379665 -993.7686546 
4 1852.737208 -1031.152009 
5 1012.47795 -581.7626773 
6 858.1020732 -498.8124744 
7 1078.257567 -614.6480572 
8 777.7609953 -460.8304654 
9 -104.2000913 1.512616236 
10 1197.174978 -673.0656751 
11 543.6743124 -336.7774187 
12 1311.361503 -738.1903266 
13 1276.822172 -724.8974996 
14 839.2427446 -492.1108945 
15 1189.901816 -667.615754 
16 1881.014136 -1022.762944 
17 1955.457194 -1058.539394 
18 1165.124963 -649.5837915 
19 997.9898056 -567.155209 
20	 553.3274826	 -343.7198931	
 
Table 28. Uwharries 03/05/2016 CO2 5-minute Keeling Plot Slopes and Y-intercepts 
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5-minute Increments Slope Y-intercept 
1 17866.81798 -54.1800278 
2 6498.28555 -25.66213881 
3 11598.89272 -38.58298913 
4 2372.706133 -14.95284755 
5 73774.19822 -198.1648747 
6 8783.438845 -31.37621619 
7 22305.58431 -66.40934248 
8 32429.19587 -92.26689513 
9 43074.41468 -119.6422929 
10 -11906.06234 21.3979686 
11 1897.180521 -13.50301718 
12 19963.92042 -57.7565842 
13 -2393.11477 -2.378584039 
14 14541.82049 -45.56599746 
15 16220.57534 -50.31468404 
16 -81969.80141 201.705814 
17 -33716.49422 77.71138784 
18 22214.25829 -65.27723071 
19 -28556.57354 64.38707301 
20	 -6331.594098	 7.830458782	
 
 
 
Figure 15. Selection of δ13C-CO2 5-minute Keeling Plots by location for Durham 02/12/2016.  Red circles indicate 
areas of potential thermogenic sources as evidenced by δ13C-CO2 values less than – 50 %0. Note how despite how 
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urbanized the survey site is, the large majority of Keeling plots showed a strong biogenic signature of δ13C-CO2 
values between -20 and -30 %0. 
 
 
Figure 16.  Selection of δ13C-CO2 5-minute Keeling Plots by location for Durham 02/25/2016.  Red circles indicate 
areas of potential thermogenic sources as evidenced by δ13C-CO2 values less than – 50 %0. Note how despite how 
urbanized the survey site is, the large majority of Keeling plots showed a strong biogenic signature of δ13C-CO2 
values between -20 and -30 %0. 
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Figure 16.  Selection of δ13C-CO2 5-minute Keeling Plots by location for Lee-Chatham 02/23/2016. The large 
majority of Keeling plots showed a strong biogenic signature of δ13C-CO2 values between -20 and -30 %0. 
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Figure 18.  Selection of δ13C-CH4 5-minute Keeling Plots by location for Durham 11/20/2015.  Less negative y-
intercepts indicate areas of potential thermogenic sources.  However, the majority of plots indicate biogenic sources 
since they are more negative than the typically -43 to -39 %0 range. 
 
 
Figure 19.  Selection of δ13C-CH4 5-minute Keeling Plots by location for Durham 02/12/2016.  Less negative y-
intercepts indicate areas of potential thermogenic sources.  However, the majority of plots indicate biogenic sources 
since they are more negative than the typically -43 to -39 %0 range. 
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Figure 20.  Selection of δ13C-CH4 5-minute Keeling Plots by location for Durham 02/25/2016.  Less negative y-
intercepts indicate areas of potential thermogenic sources.  However, the majority of plots indicate biogenic sources 
since they are more negative than the typically -43 to -39 %0 range. 
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Figure 21.  Selection of δ13C-CH4 5-minute Keeling Plots by location for Lee-Chatham 02/11/2016.  Less negative 
y-intercepts indicate areas of potential thermogenic sources.  However, the majority of plots indicate strong biogenic 
sources since they are more negative than the typically -43 to -39 %0 range. 
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Figure 22.  Selection of δ13C-CH4 5-minute Keeling Plots by location for Lee-Chathame 02/23/2016.  Less negative 
y-intercepts indicate areas of potential thermogenic sources.  However, the majority of plots indicate biogenic 
sources since they are more negative than the typically -43 to -39 %0 range. 
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